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Abstract
We introduce a perturbative extension of the standard model featuring a new dark matter sector
together with a 125 GeV Higgs. The new sector consists of a vectorlike heavy electron (E), a
complex scalar electron (S) and a standard model singlet Dirac fermion (χ). The interactions
among the dark matter candidate χ and the standard model particles occur via loop-induced
processes involving the operator SEχy, with y being the Yukawa-like coupling. The model is
an explicit underlying realization of the light magnetic dark matter effective model introduced
earlier to alleviate the tension among several direct dark matter search experiments. We further
constrain the parameters of the underlying theory using results from the Large Hadron Collider.
The extension can accommodate the recently observed properties of the Higgs-like state and
leads to interesting predictions. Finally we show that the model’s collider phenomenology and
constraints nicely complement the ones coming from dark matter searches.
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I. A SEχy EXTENSION OF THE STANDARDMODEL
After the recent discovery [1, 2] of a new resonance with properties similar to the
standard model (SM) Higgs particle, it is particularly timely to investigate minimal exten-
sions of the SM featuring also dark matter sectors. Here we put forward a renormalizable
extension featuring, besides the Higgs at 125 GeV, also a dark matter sector. The new
sector consists of a vectorlike heavy electron (E), a complex scalar electron (S) and a SM
singlet Dirac fermion (χ). The associated renormalizable Lagrangian is
LSEχy = LSM + χ¯i/∂χ −mχχ¯χ + Ei /DE −mEEE − (SEχy + H.c.)
+ DµS†DµS −m2SS†S − λHSH†HS†S − λS(SS†)2 , (1)
where Dµ = ∂µ − ie swcwZµ + ieAµ, sw and cw represent the sine and cosine of the Weinberg
angle. We assume the new couplings y, λHS and λS to be real and the bare mass squared
of the S field to be positive so that the electroweak symmetry breaks via the SM Higgs
doublet (H). The interactions among χ, our potential dark matter candidate, and the SM
fields occur via loop-induced processes involving the SE¯χy operator in (1). If, however,
the Higgs sector of the SM is natural and described, for example, by composite dynamics
[3], one can imagine the new sector, and, in particular, the scalar S, also to be composite.
At the one-loop level, χ develops the following magnetic-type interactions
L5 = λχ2 χ¯σµνχF
µν − sw
2 cw
λχχ¯σµνχZµν, (2)
where Fµν and Zµν are the photon and Z field strength tensors, and λχ is related to the
electromagnetic form factor F2(q2),
λχ =
F2(q2)
2mχ
e . (3)
The explicit derivation of the one-loop–induced form factor can be found in Appendix A.
It is instructive to report the analytic form for a few interesting limits to learn about the
dependence upon couplings and masses. We start by considering the static limit F2(0),
useful for dark matter direct detection experiments. To reduce the parameter space we
take the masses of E and S to be degenerate, mE = mS = M, leading to the simplified
expression
F2(0) =
y2
8pi2
2z
√
2 + z
2 − z tan
−1
(
z√
4 − z2
)
− 1
 , (4)
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where z = mχM . For small z we have
F2(0) =
y2
16pi2
(
z +
z2
3
)
+ O
(
z3
)
, (5)
which for z = 0 gives λχ = ey2/(32pi2M). It is also interesting to consider a dark matter
candidate with mass of the order of the electroweak scale or slightly higher. For this
purpose a simple estimate for the electromagnetic form factor can be deduced by setting
z = 1 (i.e. mχ = M), and M around the electroweak scale, yielding F2(0) = y2
√
3pi − 3
24pi2
and,
therefore, λχ = ey2
√
3pi − 3
48pi2M
. From the two limits it follows that the scale of the magnetic
moment is controlled by the common mass of the heavy states M.
The model allows us to investigate the interplay between dark matter and ordinary
matter and the possibility that dark matter is either light with respect to the electroweak
scale or has the same mass scale. The model can be constrained by dark matter experi-
ments and at the (LHC).
The light dark matter limit allows us to explore models of long-range interactions
which can be useful to alleviate the tension between the experimental observations by
DAMA/LIBRA [4] and the limits set by XENON100 [5, 6] and CDMS [7]. The light dark
matter limit naturally maps in the effective model of magnetic light dark matter put
forward in, e.g., Refs. [8–11], while allowing us to investigate its phenomenology at the
electroweak energy scale.
Electroweak scale dark matter is potentially observable in cosmic-ray detection exper-
iments. If the tentative observation of the 135 GeV Fermi line [12–15] is confirmed by
future data, the model studied here can be opportunely extended to explain it [16]. The
present model, albeit similar to the one of Ref. [16], was conceived independently in
order to provide an UV completion of the analysis presented in Ref. [10]. In addition the
main differences with the model presented in Ref. [16] are: Our model describes elastic
magnetic dark matter; we discuss all the relevant renormalizable interactions with the
SM, in particular, the coupling of the new sector to the SM fermions and the Higgs. The
coupling to the Higgs is quite important, allowing us to properly investigate the collider
phenomenology of the model.
The paper is organized as follows. In Sec. II we allow for the heavy electron to decay
directly into SM fermions by adding mixing operators with the SM leptons. We will set
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preliminary bounds on the mixing angles. In Sec. III we investigate collider constraints
on the spectrum and couplings of the SEχy sector. In particular, we will focus on the
invisible width of the Z and the Higgs alongside the decay of the latter into γγ and γZ.
If dark matter is sufficiently light to be produced at the LHC, it can affect missing energy
signals [17] which will be also explored for this model. In Sec. IV we summarize the light
dark matter constraints set in Ref. [10] and translate them in terms of the fundamental
parameters of the model.
II. ALLOWING E TO DECAY INTO SM LEPTONS
Heavy single charged leptons cannot be stable on cosmological scales because they
would appear as anomalously heavy isotopes. The abundance of such isotopes is limited
to be less than one in 1012 baryons [18] as discussed in, e.g., Refs. [19, 20]. Therefore one
needs to mix the heavy electron with the SM leptons. Here we assume, for simplicity,
that the mixing is primarily with the τ lepton. In general, we can also mix χ with the
SM neutrinos provided that its decay time is sufficiently long on cosmological scales to
be a proper dark matter candidate. As a first approximation, we take χ to be stable and,
henceforth, suppress its mixing with SM neutrinos.
The mixing Lagrangian, after the Higgs field has acquired a vacuum expectation value
v ' 246 GeV, is
LEτ = L¯′ M R′ =
(
τ¯′L E¯
′
L
) yτ v√2 yE v√2m mE

τ′RE′R
 . (6)
Here the prime on the fields indicates gauge eigenstates. The existing SM mass term for
the τ lepton is the first entry of the matrix. The remaining off-diagonal terms are added
to (1).
To achieve the mass eigenstates, we need to diagonalize M which is a nonsymmetric
real matrix. The diagonalization procedure makes use of two independent rotations, one
for the left-handed fields V and the other for the right-handed fields U. The diagonalized
matrix is then
MD = V> MU , (7)
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where V and U are the following real orthogonal matrices
V =
 cosθ sinθ− sinθ cosθ
 , U =
 cosα sinα− sinα cosα
 . (8)
V and U diagonalize, respectively, the symmetric squared mass matrices MM> and M>M.
The mixing angles are given by the relations
tan 2α = −
√
2v(myτ + mEyE)
v2
2 (y
2
τ + y2E) −m2 −m2E
, (9)
tan 2θ = − 2(yτyE
v2
2 + mmE)
m2 −m2E + v22 (y2τ − y2E)
. (10)
The physical mass of the τ lepton fixes one of the eigenvalues. Constraints on the
left-handed mixing angle θ come from the Z decay and from the electroweak precision
measurements as discussed in Ref. [21]. These constraints lead to an upper limit, which
at the 95% confidence level is
sin2 θ < 0.0018 . (11)
Depending on the values of the (yet unknown) physical parameters, the right-handed
angle α can be larger or smaller than θ. In the future, an interesting way to further
constrain the right-handed angle would be by measuring the decay of the Higgs to ττ.
To simplify the analysis here, we demand E to be stable on collider detection time
scales. This requires the mixing angles to be of the order of
sin2 θ ∼ sin2 α ∼ 10−14, (12)
rendering the mixing effects negligible1.
However, in this limit at least one of the new charged particles is stable and will hit,
once produced, the walls of the LHC detectors. The CMS Collaboration excluded masses
1 However, if the mixing is large, it will lead to interesting phenomenological consequences which we
plan to investigate elsewhere while we mention here a few. For example, the SEχy coupling leads to the
following mixing operators between a generic SM lepton, χ, and the scalar, S :
S(E¯L cosθ + ¯`L sinθ)χy + S(E¯R cosα + ¯`R sinα)χy + H.c., (13)
inducing a correction to the g − 2 of the given SM lepton ` as well as a modification of its electric dipole
moment.
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below 427 GeV for particles with one e charge [22]. The limit is imposed for a lepton
with SM-like neutral-current interactions. If we interpret the CMS results in the context
of our model, we find that E and S have to be more massive than 393 GeV and 243 GeV,
respectively.
III. CONSTRAINTS FROM THE LARGE HADRON COLLIDER
Having at our disposal the explicit Lagrangian for this particular extension of the
SM, we can now systematically analyze the various phenomenological constraints and
potential signals at the LHC.
A. Invisible width of the Higgs
Via loop processes the Higgs can decay into two χ fermions giving a contribution on
the invisible width of the Higgs. The explicit computation and relevant formulas are
derived in Appendix B. Of course, for this process to occur, χ has to have a mass less
than or around half of the mass of the Higgs. We assume that the dominant contribution
comes from the decay of the Higgs into two χs, and, therefore, the invisible width is
Γinv[H] ≈ Γ[H→ 2χ] = mH32pi
(
4v2λ2HSy
4|A|2
) (
1 − 4m
2
χ
m2H
) 32
. (14)
The loop function A is given in Appendix B. From the results of Ref. [23], one deduces
the rough 1σ estimate
Γ[H→ 2χ]
ΓSM + Γ[H→ 2χ] ≤ 0.15 . (15)
In Fig. 1 we present the associated disfavored parameter space in the (mχ, M) plane
assuming very large values of λHS = y = 4pi to maximize the constraints2.
2 These large values of the couplings stretch the validity of perturbation theory and are taken for illustrative
reasons. It would be interesting to extend the perturbative analysis to higher orders.
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FIG. 1: The shaded region of the parameter space (mχ, M) assuming λHS = y = 4pi is
excluded at the 1σ level.
B. Invisible width of the Z
If χ has a mass below or around half of the Z mass, then one can use the invisible width
of the Z as a further constraint. The measured invisible width of the Z is [24]
ΓZinv = 499.0 ± 1.5 MeV , (16)
yielding a 95% confidence level upper limit [25]
Γnewinv < 2.0 MeV (17)
on the invisible width contribution from new physics which does not interfere with the
neutrino pair production.
The Z→ χχ¯ decay width formula is
ΓZ→χχ¯ =
e2s2w
96c2wm2χmZpi
√
1 − 4m
2
χ
m2Z(
24m2χm
2
ZF1(m
2
Z)F2(m
2
Z) + 8F
2
1(m
2
Z)m
2
χ
(
2m2χ + m
2
Z
)
+ F22(m
2
Z)m
2
Z(8m
2
χ + m
2
Z)
)
.
(18)
It is clear from Fig. 2 that the invisible constraint on the Z boson decay width into χ¯χ is
weak even for large values of the coupling y = 4pi.
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FIG. 2: Z decay width to a χ pair as a function of mχ taking y = 4pi for the SEχy
coupling.
C. Monojets
Monojet signatures, associated to missing energy, can emerge in this model from dia-
grams of the kind reported in Fig. 3. Analytic expressions for the corresponding differen-
γ, Z
χ
χ¯
S
q¯
qg
E¯
E
γ, Z
χ
χ¯
q¯
qg
E
S
S¯
FIG. 3: Two diagrams giving a monojet signature at one-loop level through
quark-gluon initial states. Similar diagrams arise also via quark-quark initial states.
tial cross sections in the center-of-mass frame are given in Appendix C. We have imple-
mented the momentum-dependent loop functions given in Appendix A into MadGraph5
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[26]. This allows us to compute the monojet cross section and compare it with the ex-
perimental results. We take here the common mass for the new charged particles to be
M = 300 GeV and the coupling y to be 4pi. In Fig. 4 we have plotted the cross section for
a monojet signal as a function of mχ and the 95% confidence level upper limit set by the
CMS Collaboration [17]. From the plot it is clear that the coupling y needs to be at least
0 50 100 150 200 250 300
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7  TeV
SEχy monojet
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FIG. 4: The lower line: monojet cross section as a function of mχ using parameter
values M = 300 GeV and y = 4pi. The upper line: CMS collaboration 95% confidence
level upper limit on the monojet signal cross section.
3 times larger than 4pi to reach the current experimental sensitivity. Thus, the monojet
searches do not constrain yet the model parameters.
Monojets arising through a magnetic moment interaction have been studied in Refs.
[27, 28]. In these papers the magnetic momentλχ is taken to be a momentum-independent
constant, and limits on its value are derived. In the static limit and for mχ ≈ 10 GeV, we
recover their results when taking y ≈ 4pi and M ≈ 10 GeV.
D. Direct LHC probe of the S sector
The scalar S has properties reminiscent of a selectron except that the heavy electron is
vectorlike, and, therefore, only the scalar S feels the Higgs directly. This is true provided
9
we do not mix the new electron with the SM leptons via generalized Yukawa interactions.
Due to this property and the requirement of the renormalizability of the theory, the S
sector can be probed directly using processes involving the Higgs. Here we will consider
the Higgs to two neutral gauge bosons processes.
1. h→ γγ
The measured signal strength in the Higgs to a two-photon decay channel is slightly
bigger than the expectation from the SM [29, 30]. A nice feature of this model is that it can
explain the enhancement via the S contribution to this process. The enhancement fixes
the sign of the coupling λHS once the SM Higgs to top coupling is employed.
The production of the Higgs is not altered compared to the SM. This allows us to write
the signal strength relative to the SM one as
µ =
σ(pp→ h→ γγ)
σSM(pp→ h→ γγ) =
ΓSM
ΓSM − Γh→γγSM + Γh→γγSEχy + Γ
h→χχ
SEχy
Γ
h→γγ
SEχy
Γ
h→γγ
SM
, (19)
where Γh→γγX denotes a partial width and ΓSM the total width. The partial width of the
Higgs into two χs depends on the physical value of the χ mass, which here we take to be
about 10 GeV. The needed formulas to calculate the Higgs decay width to two photons
are given in Appendix D. The total width of the Higgs is calculated with the aid of HDECAY
[31].
The best-fit value for the signal strength reported by the ATLAS Collaboration [29] is
µATLAS = 1.9 ± 0.5, (20)
achieved by combining the
√
s = 7 TeV and
√
s = 8 TeV data samples of size 4.8 fb−1
and 5.9 fb−1, respectively. In the context of our model, we can test which pair of values
of (M, λHS) gives µATLAS within the quoted error. In Fig. 5 the shaded areas represent
excluded parameter combinations based on this ATLAS measurement.
2. h→ γZ
The model can be tested further when the process h → γZ will be measured. A
thorough analysis of how a singlet scalar, or other non-SM particles, affects the h → γZ
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FIG. 5: The shaded areas represent the excluded parameter space (M, λHS) with
mχ = 10 GeV based on the ATLAS collaboration measurement of the h→ γγ signal
strength.
decay is performed in Ref. [32]. Adapting their analysis to our model shows that if
the diphoton decay is enhanced, then the γZ decay will also be enhanced. This is so
since S is a weak isosinglet. The situation changes when S is charged under weak isospin
interactions since theZ couplings are sensitive to the full SU(2)L×U(1) quantum numbers.
From an experimental viewpoint this process is more challenging than the analogous two-
photon decay process. This is so since the Z boson further decays and the large QCD
background allows only the leptonic decay modes to be studied, which, however, have
small branching ratios of the order of 3.3%.
IV. SUMMARIZING COLLIDER AND DARKMATTER CONSTRAINTS
Our dark matter candidate is a Dirac fermion χ interacting via a magnetic dipole
moment, given in (2). Depending on the value of its mass and the size of the interactions,
it can appear in different dark matter search experiments.
For the light dark matter case, i.e. the mass of χ in the tens of GeV region which is
also interesting for collider physics, it has been shown that the model leads to interesting
phenomenological consequences [10] which we briefly summarize here. This is due
prevalently to the long-range nature of the dark matter interactions with ordinary matter.
We concentrate on results from DAMA, CoGeNT, CRESST, as well as CDMS, XENON
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and PICASSO. It was shown in Ref. [10] that there is a region of parameter space
able to alleviate the tension between the experiments when using magnetic moment
interactions. It was observed that one can, in fact, bring DAMA, CoGeNT and CRESST
signals to overlap while being marginally consistent with CDMS, XENON and PICASSO
experiments (see Fig. 3 of Ref. [10]). A best-fit result leads to a dark matter mass around
10 GeV and a constant magnetic moment of about 1.5 × 10−18 e cm, which corresponds to
32pi2M/y2 = eλχ ∼ 10 TeV. For example, for M ≈ 500 GeV we find y ≈ pi meaning that the
underlying dynamics of the model can be explored at the electroweak scale.
The contour plot of equal λχ in the (M,y) plane is shown in Fig. 6 together with the
exclusion regions obtained using the following information: the CMS constraints on
charged long-lived particles discussed at the end of Sec. II; the XENON100 results [5]
after having taken into consideration the threshold effects [10]; and the Higgs to two
gamma constraints discussed in the subsection h → γγ of Sec. III, where we have taken
two different values of λHS.
400 600 800 1000 1200
M [GeV]
2
4
6
8
10
y
λHS=
√
4pi  
mχ =10 GeV
 2.0 ·10−19  e · cm 6.0 ·10
−19  e · cm
 15.0
·10−
19  e · cm
 20.0 ·10
−19  e · cm
 40.
0 ·10
−19  e · c
m
 90
.0
·10
−19  
e · c
m
h→γγ
XENON
CMS
400 600 800 1000 1200
M [GeV]
2
4
6
8
10
y
λHS=4pi 
mχ =10 GeV
 2.0 ·10−19  e · cm 6.0 ·10
−19  e · cm
 15.0
·10−
19  e · cm
 20.0 ·10
−19  e · cm
 40.
0 ·10
−19  e · c
m
 90
.0
·10
−19  
e · c
m
h→γγ
XENON
CMS
FIG. 6: Strength of the magnetic moment λχ in the (M, y) plane with mχ = 10 GeV and
for λHS =
√
4pi (left panel) and λHS = 4pi (right panel). The unshaded region is the one
allowed by experiments.
The plot shows that the extension of the SM presented here can be tested at the LHC
while providing a dark matter candidate interacting with ordinary matter via magnetic
operators which can be simultaneously investigated or observed in dark matter experi-
ments.
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Appendix A: Electromagnetic form factors and the magnetic moment
To deduce the relevant processes as well as the magnetic moments for χ, we review in
Fig. 7 the Feynman rules to add to the SM which stem from our extension in (1).
γ γ S h
E E S¯ S E¯ χ S¯ S
−ieγµ −ie(p+ p′) −iy −ivλHS 2ie2gµν
S S
FIG. 7: Feynman rules involving non-SM particles.
The electromagnetic matrix element describing the interaction between a fermion and
the photon can be written as
iTµ = −ieu¯(p1)
[
γµF1(q2) +
iσµνqν
2mχ
F2(q2) +
iσµνγ5qν
2mχ
F3(q2)
]
u(p2). (A1)
The second form factor corresponds to an anomalous magnetic moment of a fermion
when evaluated in the static limit. We are interested in a neutral particle χ, and, thus, the
magnetic moment is determined by the second form factor
~µχ = gχ
(
e
2mχ
)
~S =
λχ
2
~S, (A2)
where gχ = 2F2(0). At zero momentum F1(0) = 0, and, therefore, there is no electric
interaction between χ and the photon in this limit.
The last term would give rise to an electric dipole moment for the χ. Since the electric
dipole moment is a CP-violating quantity and our theory does not possess new complex
phases, the last form factor vanishes. The CP-violating phases in the Cabibbo-Kobayashi-
Maskawa matrix will provide an electric dipole moment for χ which is too small for the
physical processes we discuss in this paper. The direct mixing with the SM leptons can
induce also contributions to the electric dipole moments of χ which we will neglect here.
To the one-loop level, two diagrams need to be computed to determine F1 and F2. They
are drawn in Fig. 8. The analytical expressions for the form factors F1(q2) and F2(q2) are
14
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FIG. 8: One-loop diagrams inducing the magnetic moment for χ.
First Diagram
F′1,1(q
2) =
∫
dx1dx2
y2
(4pi)2[
2
ms
− 1 − log
(
∆1
µ2
)
+
m2χ(1 − x1 − x2)2 + 2(1 − x1 − x2)mχmE + m2E + q2x1x2
∆1
]
,
(A3)
F2,1(q2) =
∫
dx1dx2y2
2mχ
(4pi)2
(x1 + x2)(mχ(1 − x1 − x2) + mE)
∆1
, (A4)
∆1 = m2χ(x1 + x2 − 1)(x1 + x2) −m2S(x1 + x2 − 1) + m2E(x1 + x2) − q2x1x2 . (A5)
Second Diagram
F′1,2(q
2) = −
∫
dx1dx2
y2
(4pi)2[
2
ms
− log
(
∆2
µ2
)
+
((x2 + x1)mχ + mE)(1 − x1 − x2))
∆2
2mχ
]
,
(A6)
F2,2(q2) =
∫
dx1dx2y2
2mχ
(4pi)2
((x2 + x1)mχ + mE)(1 − x1 − x2)
∆2
, (A7)
∆2 = (x1 + x2)(m2χ(x1 + x2 − 1) + m2S) −m2E(x2 + x1 − 1) − q2x1x2 . (A8)
We get the actual form factors by summing the contribution from both of the diagrams
F2(q2) = F2,1(q2) + F2,2(q2) , (A9)
F1(q2) = F1,1(q2) + F1,2(q2) = F′1,1(q
2) − F′1,1(0) + F′1,2(q2) − F′1,2(0) (A10)
= F′1,1(q
2) + δ1 + F′1,2(q
2) + δ2 .
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Here we have introduced one-loop counter terms, δ1 and δ2, which are fixed by the
condition F1,1(0) = F1,2(0) = 0. Although this is redundant since the sum of the two
contributions is finite, it will make the comparison easier when using the Cutkosky rules.
Assuming mE = mS = M and q2 <<M2, we can expand the first form factor
F1(q2) =
y2q2
192M2pi2
+ O(M−4), (A11)
and verify that it vanishes when the momentum goes to zero.
In order to reliably calculate the imaginary parts in the timelike region, q2 > 0, we
employ the Cutkosky rules. This allows us also to cross-check our calculations above
because the real part is completely determined by the imaginary part through the un-
subtracted dispersion relation (s ≡ q2)
ReF(s) =
P
pi
∫ ∞
4mE(S)
ImF(s′)
s′ − s , (A12)
or through the subtracted dispersion
ReF(s) =
P
pi
∫ ∞
4mE(S)
s
s′
ImF(s′)
s′ − s , (A13)
when the form factor diverges in the static limit. Note that the sum of the contributions
from both of the diagrams is finite at q = 0 as expected for a dimension-5 operator. The
analytical expressions for the imaginary parts are:
ImF1,1 =
− 4βEs
256pis(s − 2m2χ))2 (2m
2
χ(20m
2
S + (5β
2
E + 4))s)) + s(4m
2
S + (β
2
E − 3))s)) + 16mesmχ−
4m4χ − 32mem3χ)) + (m4χ(−96m2S + 64m2e + 8β2Es − 36s)) − 32mem3χ(4m2S + (β2E + 2))s))+
2m2χ(s(−32m2e + 5β4Es + 3s)) + 8(5β2E + 4))sm2S + 80m4S)) + 16mesmχ(4m2S + β2Es + s))+
s(s(16m2e + (β
2
E − 1))2s)) + 8(β2E − 1))sm2S + 16m4S)) + 40m6χ+
64mem5χ))(log(−4m2S + 2m2χ − (βE − 1))2s)) − log(−4m2S + 2m2χ − (βE + 1))2s)))) ,
(A14)
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ImF1,2 =
− mχ
64pis(s − 2m2χ)2 ((mχ(−8m
2
S(3β
2
Es + s) − 48m4S + (−3β4E + 2β2E + 1)s2) + 4m3χ(4m2S−
(β2E + 1)s) + 8mem
2
χ(4m
2
S + (β
2
E − 2)s) + 4mes(−4m2S − β2Es + s) + 4m5χ+
16mem4χ)(log(−4m2S + 2m2χ − (βE − 1)2s) − log(−4m2S + 2m2χ − (βE + 1)2s))−
4βEs(mχ(12m2S + (3β
2
E − 1)s) + 4mes + 2m3χ − 8mem2χ)) ,
(A15)
ImF2,1 =
1
256pis(s − 2m2χ)2 (4m
4
χ(8m
2
e − (2β2S + 7)s) − 32mem3χ(4m2e + (β2S + 2)s) − 10m2χ(4m2e+
β2Ss + s)(4m
2
e + (β
2
S − 1)s) + 16mesmχ(4m2e + β2Ss + s) − s(4m2e + (βS − 1)2s)(4m2e + (βS+
1)2s) + 24m6χ + 64mem
5
χ)(log(2m
2
χ − 4m2e − (βS − 1)2s) − log(2m2χ − 4m2e − (βS + 1)2s))−
4βSs(2m2χ(20m
2
e + (5β
2
S − 4)s) + s(4m2e + β2Ss + s) − 16mesmχ + 12m4χ + 32mem3χ) ,
(A16)
ImF2,2 =
− mχ
64pis(s − 2m2χ)2 ((mχ(−8m
2
e (3β
2
Ss + s) − 48m4e + (−3β4S + 2β2S + 1)s2) + 4m3χ(4m2e−
(β2S + 1)s) − 8mem2χ(4m2e + (β2S + 2)s) + 4mes(4m2e + β2Ss + s) + 4m5χ+
16mem4χ)(log(2m
2
χ − 4m2e − (βS − 1)2s) − log(2m2χ − 4m2e − (βS + 1)2s))−
4βSs(mχ(12m2e + (3β
2
S − 1)s) − 4mes + 2m3χ + 8mem2χ)) .
(A17)
Appendix B: Higgs Invisible Width
The Higgs can decay to a pair of χs via loop-induced processes which at the one loop
level is represented in Fig. 9. The formula for the decay width is
Γ =
mH
32pi
(
4v2λ2HSy
4|A|2
) (
1 − 4m
2
χ
m2H
) 32
. (B1)
The loop function A can be expressed as
A =
1
(4pi)2
∫
dx1 dx2
(x1 + x2)mχ + mE
∆
, (B2)
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where
∆ = m2χ(x1(x1 − 1) + x2(x2 − 1)) − 2x1x2
(
m2H
2
−m2χ
)
+ (x2 + x1)m2S + (1 − x1 − x2)m2E. (B3)
Appendix C: Monojet Cross Section
Adopting a notation used in Ref. [28], the differential monojet cross section takes the
form
d2σq−jet
dxETdη
=
α2αS
36
seη∆1∆2∆3
x2mχ

∣∣∣∣∣∣ gAc2ws(1 − 2xET cosh η) −M2Z + iΓZMZ
∣∣∣∣∣∣
2
+∣∣∣∣∣∣ Qqs(1 − 2xET cosh η) + gVc2ws(1 − 2xET cosh η) −M2Z + iΓZMZ
∣∣∣∣∣∣
2
 ,
(C1)
d2σg−jet
dxETdη
=
4α2αS
27
s∆1∆2∆4
xETx2mχ

∣∣∣∣∣∣ gAc2ws(1 − 2xET cosh η) −M2Z + iΓZMZ
∣∣∣∣∣∣
2
+∣∣∣∣∣∣ Qqs(1 − 2xET cosh η) + gVc2ws(1 − 2xET cosh η) −M2Z + iΓZMZ
∣∣∣∣∣∣
2
 ,
(C2)
where Qq is the charge of a quark, η is the rapidity of a quark or a gluon, gV = 12T3 − s2wQq
and gA = − 12T3. The dimensionless variables are defined as
√
sxET = ET and
√
sxmχ = mχ,
ET denoting the transverse energy of a quark or a gluon. Finally, the expressions for ∆i
h
χ¯
χ
S
E
FIG. 9: Invisible decay of the Higgs.
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are
∆1 =
(
4xET cosh η
(
−4x2mχ
(
F21 + 3F1F2 + F
2
2
)
+ F22xET cosh η − F22
)
+
8x2mχ
(
F21 + 3F1F2 + F
2
2
)
+ 16F21x
4
mχ + F
2
2
)
,
∆2 =
√
1 − 4m
2
xχ
1 − 2xET cosh η ,
∆3 =x2ETe
−2η + 2xETe
η(2xET cosh η − 1) + 1 ,
∆4 =x2ET cosh(2η) − 2xET cosh η + 1 .
(C3)
From the gluon jet formula one can read off the monophoton differential cross section by
multiplying the formula by the factor 94
α
αS
and replacing Qq with the electron charge.
Appendix D: Higgs Decay to Two Photons
The Higgs decay width to two photons is modified by the presence of the new scalar
state S which interacts with both the Higgs and the photon. At one-loop level the decay
width is
Γ =
α2EWGFm
3
h
128
√
2pi3
∣∣∣∣∣∣∣∑i Nc,iQ2i F f ,i + FW +
(
2
mSg
vλHS
)
FS
∣∣∣∣∣∣∣
2
, (D1)
where Nc is the number of colors, Q is the charge of a particle, v is the vacuum expectation
value and g the weak coupling. Using the notation τ = 4m
2
m2h
, the loop functions Fi for
fermions, bosons and scalars are given as
FW = 2 + 3τ + 3τ(2 − τ) f (τ),
F f = −2τ(1 + (1 − τ) f (τ)),
FS = −τ(1 − τ f (τ)),
(D2)
where
f (τ) =

(
arcsin
√
1/τ
)2
if τ ≥ 1
−14
[
log
(
1+
√
1−τ
1−√1−τ
)
− ipi
]2
if τ < 1.
(D3)
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